Combine harvesters are an important cause of fires worldwide. The purpose of this work has been to investigate the critical points associated with the risk of fire, identified through a survey distributed to combine owners in Aragon (Spain). Information was collected on the technical characteristics of the machines and, when appropriate, on the characteristics of the generated fires (crop, use of straw chopper, point in which the fire was originated, etc.). Based on the survey data, relationships between the characteristics of the machine and the ignition of a fire were analyzed, and the points of the harvester in which the fire originated were investigated. A statistically significant relationship of fire risk was only found with the number of hectares harvested, in such a way that the risk would be especially high for machines with more than 6000 accumulated ha. 32% of the fires were originated in the engine zone, compared with 31% in the cutting bar and 18% in the bearings and belts. The study was completed with on-site temperature measurements carried out on nine machines in 2018 and 2019, in which temperatures above 250 • C were recorded in the exhaust manifold and in the cutting bar. These temperatures exceeded the ignition thresholds obtained in the flammability studies conducted for wheat residues collected from the harvesters.
Introduction
Fires constitute a serious threat, both due to the destruction of environmental heritage and of forest crops, material goods, and human lives [1] . Taking into account the very high percentage of unwanted fires related to human activities and behaviors [2] , long-term policies must focus on eliminating these causes. The analysis of social, technical, ecological, and economic factors that contribute to fire risk should be the starting point of those policies [3] . Agriculture is one of the sectors to be studied.
Agricultural losses due to fires are not limited, in the short term, to the destruction of crops, but, in the medium term, result in production capacity losses that have been estimated in 35%-45% in subsequent years [4] .
In Spain, the causes behind fires are of a different nature. Based on monthly newsletters published by the Spanish Ministry of Agriculture, Fisheries and Food (MAPA), the causality of fires (classified into five groups: negligence and accident, intentional, natural (lightning), unknown, and fire reproduction) point of the machine in which the fire originated, etc.) and only applied to harvesters associated with fires. The complete survey is available at http://bit.ly/encuestacosechadoras. Subsequently, a statistical analysis was performed with SPSS v.18 software (IBM, Chicago, IL, USA). The analysis had three parts: first, the relationship between the power, age, and annual harvested hectares variables was analyzed, creating a new variable named "accumulated hectares", which represented the number of hectares that had been harvested when the fire occurred (that is, annual harvested hectares × age) and which would refer to the wear or use of the machine at the time of the fire. In a second stage, the relationship of the variables mentioned above with the risk of fire was studied, using contingency tables. For this, categorical variables were created for the accumulated hectares (0-2000, 2001-4000, 4001-6000, and > 6000 ha) and for the age of the machine (0-10, 11-20, and > 20 years). In the third part, the areas of origin of the fire were investigated.
Flammability and Susceptibility to Spontaneous Combustion Studies
In the 2018 harvest season, samples of wheat residue accumulated in different areas of five combine harvesters (cutting head, front axle, straw chopper, engine area, lateral area of the machine with transmissions to cleaning systems) were collected in order to study their ignition point properties, correlating them with the temperatures measured in the harvesters. The proximate and elemental analysis results are summarized in Table S1 , and the granulometric analysis results are reported in Table S2 .
Wheat residues were dried in an oven at 105 • C for 24 h. Subsequently, samples were sieved using a sieve tower with five sieves (with 4, 2, 1 mm, 500 and 250 µm mesh apertures) and a BA200N electromagnetic sieve shaker (CISA, Barcelona, Spain), for 3 min and with an oscillation amplitude of 2 mm.
The combustion mechanism was investigated by thermogravimetric/derivative thermogravimetric (TG/DTG) and differential scanning calorimetry (DSC) analyses, conducted using a TG-DSC2 (Mettler-Toledo, Columbus, OH, USA) simultaneous analyzer. The analyses were carried out both in inert (N 2 ) and oxidizing (air) atmosphere, in the 25-600 • C range, at a heating rate of 20 • C/min.
Ignition tests were carried out according to UNE-EN ISO/IEC 80079-20-2:2016. "Explosive atmospheres. Part 20-2: Material characteristics-Combustible dusts test methods". Three thicknesses of wheat residue (5, 10, and 15 mm) were assayed, and for each thickness three particle sizes (< 250, 250, and 500 µm) were tested. A fully compliant custom-made hot plate layer ignition apparatus, supplied by the Electronic Instrumentation Laboratory at Universidad de Zaragoza, was used in the tests.
In Situ Harvester Monitoring
Throughout the 2018 and 2019 harvest campaigns, nine machines were monitored, installing temperature probes (type K thermocouples) in different points of each machine, in addition to ambient temperature/humidity probes (HOBO Pro v2; Onset Computer Corp., Bourne, MA, USA) outside (in the exterior antennas of the cabins). The points selected to place the temperature probes were chosen based on the risk zones detected in the initial survey and on the feasibility of placing temperature probes during the harvest process (Table 1) : exhaust manifold, selective catalytic reduction system (SCR, next to the urea injection point), diesel particulate filter (DPF), engine block, gearbox, engine transmission output, hydrostatic system output, and engine cylinder heads. Table 2 shows the main characteristics of the monitored harvesters, which were selected with the aim of having a variety of machines that could be sufficiently representative of the fleet of harvesters in Aragón. Table 1 . Probe locations in the monitored harvesters. Harvester   1  2  3  4  5  6-7-8-9 Exhaust manifold X X X X X SCR * X DPF * X Engine block X X X X X Gearbox X X Engine transmission output X X X X X Hydrostatic system output X X Engine cylinder heads X * SCR and DPF stand for selective catalytic reduction and diesel particulate filter, respectively. Additionally, a test was carried out with a harvester's cutting bar in poor conditions and with very little maintenance, with the cutting bar running and the machine parked. For this, three thermocouples were installed in the cutting bar (on a blade with friction, on a normal blade, and on a cutting plate) to monitor temperature evolution. One of the probes installed on the cutting bar is shown in Figure 1 . 1  2  3  4  5 6-7-8-9 Exhaust manifold X X X X X S C R * X DPF* X Engine block X X X X X Gearbox X X Engine transmission output X X X X X Hydrostatic system output X X Engine cylinder heads X * SCR and DPF stand for selective catalytic reduction and diesel particulate filter, respectively. Additionally, a test was carried out with a harvester's cutting bar in poor conditions and with very little maintenance, with the cutting bar running and the machine parked. For this, three thermocouples were installed in the cutting bar (on a blade with friction, on a normal blade, and on a cutting plate) to monitor temperature evolution. One of the probes installed on the cutting bar is shown in Figure 1 . Aforementioned direct temperature measurements were complemented with those obtained with a Ti200 infrared thermal camera (Fluke Corp., Everett, WA, USA). This real-time non-contact condition monitoring tool is useful for early detection of equipment flaws [12] and, in the particular case of grain harvesters, has been successfully used to monitor the temperature in belt transmissions [13] .
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Results and Discussion
Relationships between Variables
In the survey distributed among combine harvester owners, data from 221 harvesters were obtained, reporting 74 cases of fire. Based on the data of the 221 harvesters, Figure 2 shows the relationships between the harvested hectares per year, power, age, and accumulated hectares variables, starting from the hypothesis that the machines that harvest more hectares per year will be more exposed and may be more likely to cause a fire. It can be observed that the machines that harvest more hectares per year have higher power levels, are newer, and have a higher number of accumulated harvested hectares (i.e., greater wear).
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Relationship between Variables and Fire
From the contingency tables of each variable with respect to fire, it was observed that the age (χ 2 = 0.673), power (χ 2 = 0.723), and annual hectares (χ 2 = 0.766) variables did not show a statistically significant relationship with fire. However, for the accumulated hectares variable a χ 2 = 0.055 was obtained, very close to the level of significance (0.05). The contingency table showed very similar fire 
From the contingency tables of each variable with respect to fire, it was observed that the age (χ 2 = 0.673), power (χ 2 = 0.723), and annual hectares (χ 2 = 0.766) variables did not show a statistically significant relationship with fire. However, for the accumulated hectares variable a χ 2 = 0.055 was obtained, very close to the level of significance (0.05). The contingency table showed very similar fire percentages for machines that had worked up to 6000 ha, but, once this threshold had been exceeded, the fire percentage would be high (60%).
Since the total accumulated hectares was the only variable that was related to fire risk, a more detailed analysis of possible relationships of this variable with the rest of the variables was carried out. No significant relationship was detected with the use of the straw chopper (χ 2 = 0.282), but a significant Agronomy 2019, 9, 877 6 of 13 relationship was observed with the power variable (χ 2 = 0.012), apart from the age (χ 2 = 0.000), and annual hectares (χ 2 = 0.000) variables of which it directly depended.
The relationships between the three variables, considering only the 74 harvesters for which fire cases were reported, are shown in Figure 3 . The profile of machines with more than 6000 accumulated ha and that would present a greater probability of fire would correspond to machines with an average power of 286 HP, an average age of 15 years and which harvest an average of 548 ha/year. Currently this machine profile represents 11% of the total harvesters in Spain.
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The relationships between the three variables, considering only the 74 harvesters for which fire cases were reported, are shown in Figure 3 . The profile of machines with more than 6000 accumulated ha and that would present a greater probability of fire would correspond to machines with an average power of 286 HP, an average age of 15 years and which harvest an average of 548 ha/year. Currently this machine profile represents 11% of the total harvesters in Spain. Information on the relationship between combine characteristics and fire is very limited and controversial. Shutske et al. [8] , considering 50 combine fires, described a mean harvester age of 8.1 years and an average accumulated machine use at the time of the fire of 1640 h. This research was carried out in 1988, when a typical working width was 6 m. In this sense, for an average forward speed of 4 km/h, the number of accumulated hectares in 1640 h would be 3936 ha. These values (age and accumulated hectares) are significantly lower than those obtained in the current research for the machine profile with higher fire risk. On the other hand, White et al. [10] did not find a relationship between the average hours accumulated by the machine and fire occurrence in the case of 396 combines of several models of five different brands, with an accumulated hours range that varied from 393 to 2189 h. Information on the relationship between combine characteristics and fire is very limited and controversial. Shutske et al. [8] , considering 50 combine fires, described a mean harvester age of 8.1 years and an average accumulated machine use at the time of the fire of 1640 h. This research was carried out in 1988, when a typical working width was 6 m. In this sense, for an average forward speed of 4 km/h, the number of accumulated hectares in 1640 h would be 3936 ha. These values (age and accumulated hectares) are significantly lower than those obtained in the current research for the machine profile with higher fire risk. On the other hand, White et al. [10] did not find a relationship between the average hours accumulated by the machine and fire occurrence in the case of 396 combines of several models of five different brands, with an accumulated hours range that varied from 393 to 2189 h. 
Determination of Fire Source Areas
Based on the contingency table in which the relationship between the area of origin of the fire and the use of the straw chopper was analyzed, a value of χ 2 = 0.159 was obtained, so the use of the straw chopper did not favor the origin of the fire in any specific area of the machine.
In Table 3 , the fire source areas are shown according to the data collected in the survey and from data provided by an insurance company (updated in 2017). In both cases, it could be observed that the area in which more fires originated was the engine (~32%). However, according to the insurer's data, the second most important cause of fire would be electric failures (26%), while in the survey this cause was estimated to account for 10% of the fires. According to the data collected in the survey, the second area in which more fires would originate would be the cutting bar (31%), which only accounted for 11% of the fires according to the insurer. Bearings, belts, and other areas of the machine (brakes, alternator, straw chopper, etc.) presented similar percentages in the survey and in the insurer's database. If these data are compared with the literature [5, [8] [9] [10] , the results are coincident in that the engine area would be the main cause of fire, and in that the bearings and belts would also be responsible for a significant percentage of the fires. Figure S1 shows the TG, DTG, and DSC curves related to the wheat residue samples, in an inert atmosphere and in an oxidative atmosphere. In the TG curve, several stages of weight loss could be observed. The first stage, between room temperature and 150 • C, would be related to moisture removal. In the second stage (150-350 • C), depending on the atmosphere, up to 50% of the mass would be volatilized, and would correspond to oxidative pyrolysis and release of volatiles coming from the thermal decomposition of hemicellulose, cellulose, and part of lignin. True combustion would take place above 350 • C, in which lignin residues and a mixture of carbonaceous solids (with a small mineral component) would undergo moderate combustion (smoldering) up to approximately 500 • C. At temperatures of 600 • C, weight losses of over 60% in N 2 atmosphere and of ca. 80% in O 2 atmosphere were registered. The weight loss maxima were sensitized on DTG curves with peaks at 72-72.8, 300-307, and 456 • C, depending on operative conditions. The DSC curve in O 2 atmosphere was characterized by the presence of two endotherms between 300 and 500 • C, corresponding to the hemicellulose and cellulose decomposition reactions, with maxima at 324 and 458 • C. The former corresponds to oxidative pyrolysis and the latter to combustion.
From the thermal analysis data, it could be inferred that the lowest temperature at which ignition could occur was 150 • C, and that a perfectly declared process would occur at 307 • C, with an associated heat of reaction close to 900 kJ/kg.
The results of the hot-plate auto-ignition tests are shown in Table 4 . A decrease in ignition temperature was observed when the particle size of the residue was smaller, in agreement with the findings of Polin et al. [14] for sunflower dust field samples from combine harvesters. Similarly, for the same particle size, the ignition temperature decreased as the sample thickness increased. The minimum ignition temperature was 250 • C, associated with the 250 µm residue and a thickness of 15 mm. These results were in good agreement with those obtained by Fernandez-Anez et al. [6] , who reported a value of 250 • C for a thickness of residue of 50 mm.
It must be taken into consideration that in combine harvesters the residue particles show a size distribution in which small sizes constitute a high percentage in weight. Polin et al. [15] , working with sunflower residue, obtained a 78% of residue particles below 750 µm. In the study presented herein, 66% of the residue particles collected from the five combine harvesters were below 1 mm.
An univariate test of between-subjects effects was conducted for temperatures as a function of the exhaust gases treatment system considering the five technologies present in the machines tested ( Table 2 : EGR+DPF, EGR, SCR+EGR+DPF, SCR+EGR, and untreated exhaust; where EGR, DPF and SCR stand for exhaust gas recirculation, diesel particulate filter and selective catalytic reduction, respectively). According to Table S3 , there were significant temperature differences (F = 1550.14; p = 0.000) depending on the exhaust gases treatment system. Results of Tukey's HSD test showed differences between all systems, with the highest mean temperatures in SCR+EGR and SCR+EGR+DPF systems ( Table 5 and Figure S2 ). These results are in good agreement with the findings reported by Quick [5] , who referred that higher temperatures in combine harvesters adapted to Tier 3 (particulate matter restrictions) and Tier 4 (particulate matter and NO x restrictions) emission control standards for engines. 290  Ignition  10  280  Ignition  12  270  Ignition  16  260  Ignition  20  250 No Ignition 90 
On-Site Monitoring of Harvesters
Temperature data collected in the nine machines monitored in field conditions is summarized in Table 6 . It is worth noting that the highest temperatures were recorded in the exhaust manifold for all machines, with maximum temperatures above 200 • C in five of the machines and, in two cases (machines #1 and #4), with temperatures above 250 • C, which reached up to 305 • C in machine #1, showing an important risk of residue ignition. This would corroborate that the engine zone (exhaust manifold) would be a key zone, in which temperatures above the ignition temperature of the crop residue [5, 6] can be reached.
It is important to keep in mind that the risk of fires originated in harvesting machines increases when the weather conditions are adverse [8] . Venem et al. [16] concluded that 48.5% of the fires coincided with the hours of highest temperatures (2:00-4:00 pm). In Table 6 it may be observed that ambient temperatures reached extreme values coinciding with temperatures higher than 250 • C in the exhaust manifold of some machines, thus constituting high fire risk situations. Given that the annual number of high-temperature days (HTDs, viz. days with mean temperatures higher than 20, 22.5, and 25 • C) is increasing across southern Europe, as shown by Cardil et al. [17] for temperature data in the June-September period from 1978 to 2012 in the south of France, interior Spain, and the northwestern Iberian Peninsula, the probability of such high fire risk situations is expected to continue increasing.
Considering an ignition temperature of the wheat residue of ca. 250 • C, machines #1 and #4 were analyzed in more detail, in order to determine the operating time in which this threshold was exceeded (in this case in the exhaust manifold). Figure 4 shows the temperatures registered during the test period in the exhaust manifold of machines #1 and #4. It is important to keep in mind that the risk of fires originated in harvesting machines increases when the weather conditions are adverse [8] . Venem et al. [16] concluded that 48.5% of the fires coincided with the hours of highest temperatures (2:00-4:00 pm). In Table 6 it may be observed that ambient temperatures reached extreme values coinciding with temperatures higher than 250 °C in the exhaust manifold of some machines, thus constituting high fire risk situations. Given that the annual number of high-temperature days (HTDs, viz. days with mean temperatures higher than 20, 22.5, and 25 °C) is increasing across southern Europe, as shown by Cardil et al. [17] for temperature data in the June-September period from 1978 to 2012 in the south of France, interior Spain, and the northwestern Iberian Peninsula, the probability of such high fire risk situations is expected to continue increasing.
Considering an ignition temperature of the wheat residue of ca. 250 °C, machines #1 and #4 were analyzed in more detail, in order to determine the operating time in which this threshold was exceeded (in this case in the exhaust manifold). Figure 4 shows the temperatures registered during the test period in the exhaust manifold of machines #1 and #4. In the case of machine #1, one can observe that this threshold (250 °C) was occasionally exceeded (specifically, 3.51% of the working time), while in machine #4 the threshold was exceeded during a 16.63% of the working time, thus generating a high risk of ignition of the residue and, consequently, of fire. Figure 5 shows the histogram of the time periods in which the temperature exceeded 250 °C in machines #1 and #4. Although in most of the periods the duration was close to 10 min, a period of In the case of machine #1, one can observe that this threshold (250 • C) was occasionally exceeded (specifically, 3.51% of the working time), while in machine #4 the threshold was exceeded during a 16.63% of the working time, thus generating a high risk of ignition of the residue and, consequently, of fire. Table 6 . Temperatures recorded during the 2018 and 2019 campaigns in the nine harvesters monitored in field conditions. Maximum ambient temperatures and the associated relative humidity (RH) are also shown for comparison purposes.
Machine
Probe Location N T op stands for operating temperature (average ± standard deviation) and T max stands for maximum registered temperature. SCR stands for selective catalytic reduction. Figure 5 shows the histogram of the time periods in which the temperature exceeded 250 • C in machines #1 and #4. Although in most of the periods the duration was close to 10 min, a period of 100 consecutive minutes with temperatures above 250 • C was registered in machine #4, and a period of 70 min was recorded for machine #1. This fact, taking into consideration the ignition times of the crop residue (Table 4) , reinforces the conclusion regarding the high fire risk at the exhaust manifold of machines #1 and #4. The tests carried out with the cutting bar, the second most important cause of fire according to data from the survey, made it possible to compare temperature evolution in a blade operating in normal conditions compared to a blade subjected to friction ( Figure 6 ). It was observed that 10-15 min after the movement of the cutting blade had started, the friction blade had reached 428 °C (compared to a maximum temperature of 52 °C for a blade that operated in normal conditions). In the thermal image ( Figure 6, right) , the difference in temperature between the blade subjected to friction and the other blades working in normal conditions becomes apparent. A short video is provided in supporting information (video S1). Poor maintenance, in this case of the cutting bar, can result in abnormal temperatures and frictional spark generation, which in the presence of agricultural waste can easily cause a fire. To the best of the authors' knowledge, this is the first report on the temperature that a cutting bar subjected to friction can reach. In this sense, fire risk related to the cutting bar has generally been associated with the sparks caused by some stones when struck by metallic harvester front components such as the skid plates or even the sickle bar [5] .
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Conclusions
From the statistical analysis of the survey data, with regard to the technical characteristics of the harvesters, only the total hectares harvested in the lifetime of the machine had a significant relationship with the fire risk, in such a way that the risk of fire would considerably increase over 6000 accumulated ha. In relation to the areas of highest risk within the harvester, 32% of the fires had their origin in the area of the engine, compared with 31% in the cutting bar and 18% in the bearings and belts. From the ignition point experiments conducted using wheat residue samples to describe conditions that could start fires in the harvesters, it was found that ignition temperatures would range The tests carried out with the cutting bar, the second most important cause of fire according to data from the survey, made it possible to compare temperature evolution in a blade operating in normal conditions compared to a blade subjected to friction ( Figure 6 ). It was observed that 10-15 min after the movement of the cutting blade had started, the friction blade had reached 428 • C (compared to a maximum temperature of 52 • C for a blade that operated in normal conditions). In the thermal image ( Figure 6, right) , the difference in temperature between the blade subjected to friction and the other blades working in normal conditions becomes apparent. A short video is provided in supporting information (video S1). Poor maintenance, in this case of the cutting bar, can result in abnormal temperatures and frictional spark generation, which in the presence of agricultural waste can easily cause a fire. The tests carried out with the cutting bar, the second most important cause of fire according to data from the survey, made it possible to compare temperature evolution in a blade operating in normal conditions compared to a blade subjected to friction ( Figure 6 ). It was observed that 10-15 min after the movement of the cutting blade had started, the friction blade had reached 428 °C (compared to a maximum temperature of 52 °C for a blade that operated in normal conditions). In the thermal image ( Figure 6, right) , the difference in temperature between the blade subjected to friction and the other blades working in normal conditions becomes apparent. A short video is provided in supporting information (video S1). Poor maintenance, in this case of the cutting bar, can result in abnormal temperatures and frictional spark generation, which in the presence of agricultural waste can easily cause a fire. To the best of the authors' knowledge, this is the first report on the temperature that a cutting bar subjected to friction can reach. In this sense, fire risk related to the cutting bar has generally been associated with the sparks caused by some stones when struck by metallic harvester front components such as the skid plates or even the sickle bar [5] .
From the statistical analysis of the survey data, with regard to the technical characteristics of the harvesters, only the total hectares harvested in the lifetime of the machine had a significant relationship with the fire risk, in such a way that the risk of fire would considerably increase over 6000 accumulated ha. In relation to the areas of highest risk within the harvester, 32% of the fires had their origin in the area of the engine, compared with 31% in the cutting bar and 18% in the bearings and belts. From the ignition point experiments conducted using wheat residue samples to describe conditions that could start fires in the harvesters, it was found that ignition temperatures would range To the best of the authors' knowledge, this is the first report on the temperature that a cutting bar subjected to friction can reach. In this sense, fire risk related to the cutting bar has generally been associated with the sparks caused by some stones when struck by metallic harvester front components such as the skid plates or even the sickle bar [5] .
From the statistical analysis of the survey data, with regard to the technical characteristics of the harvesters, only the total hectares harvested in the lifetime of the machine had a significant relationship with the fire risk, in such a way that the risk of fire would considerably increase over 6000 accumulated ha. In relation to the areas of highest risk within the harvester, 32% of the fires had their origin in the area of the engine, compared with 31% in the cutting bar and 18% in the bearings and belts.
From the ignition point experiments conducted using wheat residue samples to describe conditions that could start fires in the harvesters, it was found that ignition temperatures would range from 250 to 340 • C, depending on the size and thickness of the wheat waste, in good agreement with thermal analysis (TG, DTG, DSC) results. In tests carried out in situ on nine harvesters, temperatures of up to 300 • C were detected in the engine area (exhaust manifold). Significant temperature differences on the exhaust manifold were found depending on the exhaust gases treatment system, with the highest mean temperatures for SCR + EGR and SCR + EGR + DPF systems. In the cutting bar, a blade working in friction conditions reached temperatures above 400 • C. These temperatures, together with the accumulation of crop residue, would be responsible for the origin of the fires. The identification of the points of the machine with the greatest risk of fire opens the way to implement measures to minimize this risk, such as continuous monitoring by means of temperature sensors that provide warnings in the machine cabin, in the same way that remote sensors are currently used to assess the susceptibility of forest masses and crops.
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